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¥  walking ! -functions? " SB phase? which models are potential dilaton candidates?

¥  linear #-model with low mass m$ !  m#  requires extensions !  dilaton? 

¥  dilaton signatures in the p-regime of the sextet model  2016 Bernardfest: Shamir explains 
to me the problem with capturing the dilaton: NDA does not work. 2017 BU workshop: while Iwe are 
struggling with the sextet analysis, Appelquist et al.: it works for nf=8 anyway. Hmmm !.  

¥  dilaton signatures in the %-regime ? 

¥  Simulating the effective potential of the composite scalar     
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testing scale-dependent BSM gauge couplings and ! -functions:
Probing technicolor theories with staggered fermions Kieran Holland

Figure 1: The conformal window forSU(N) gauge theories withNf techniquarks in various representations,
from [3]. The shaded regions are the windows, for fundamental (gray), 2-index antisymmetric (blue), 2-index
symmetric (red) and adjoint (green) representations.

1. Introduction

The LHC will probe the mechanism of electroweak symmetry breaking. A veryattractive
alternative to the standard Higgs mechanism, with fundamental scalars, involves new strongly-
interacting gauge theories, known as technicolor [1, 2]. Such models avoid difÞculties of theories
with scalars, such as triviality and Þne-tuning. Chiral symmetry must be spontaneously broken in
a technicolor theory, to provide the technipions which generate theW± andZ masses and break
electroweak symmetry. Although this duplication of QCD is appealing, precise electroweak mea-
surements have made it difÞcult to Þnd a viable candidate theory. It is also necessary to enlarge the
theory (extended technicolor) to generate quark masses, without generating large ßavor-changing
neutral currents, which is challenging.

Technicolor theories have lately enjoyed a resurgence, due to the exploration of various tech-
niquark representations [3]. Feasible candidates have fewer new ßavors, reducing tension with
electroweak constraints. If a theory is almost conformal, it is possible this generates additional
energy scales, which could help in building the extended technicolor sector. There are estimates
of which theories are conformal for various representations, shown inFig. 1. ForSU(N) gauge
theory, if the number of techniquark ßavors is less than some critical number, conformal and chiral
symmetries are broken and the theory is QCD-like. For future model-building,it is crucial to go be-
yond these estimates and determine precisely where the conformal windows are. There have been
a number of recent lattice simulations of technicolor theories, attempting to locate the conformal
windows for various representations [4, 5, 6, 7, 8].

2. Dirac eigenvalues and chiral symmetry

The connection between the eigenvalues! of the Dirac operator and chiral symmetry breaking
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conÞrmed with new updated results:!

L=32 -> L=64 step at three tuned g^2 targets!
adds further evidence against nf=12 IRFP !

staggered Ònon-universality argumentÓ based on 
3d spin models is misguided 

New Boulder-BU poster with DW fermions so far 
is not in contradiction with our Nf=12 analysis

+ a^4/L^4 term

nf=12 new
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light 0++ scalar and spectrum   sextet model   LatHC 
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2   

Light scalar below mass 700 GeV to be 
described by linear sigma model ?
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¥ taste broken goldstone spectrum 

¥ 6 parameters describe 10 data 

¥ B and F are inconsistent in the Þts 

¥ cutoff effect is ÒinputÓ 

chiPT  difÞculties?   sextet   B and F inconsistency
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chiPT  difÞculties?   sextet   B and F consistency forced  but light scalar ignored
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generalize linear O(4) #-model in low mass                 range  
"  nonlinear #-model, perhaps dilaton?
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! !

f!

extended EFT of "- $ entanglement in the BSM Higgs sector:

M! , F! , M"  are calculated to 1-loop:  extended SU(2) flavor chiral dynamics

We have been analyzing the small pion mass region in the M! = 0.07- 0.015 range 

of the p-regime, also targeting the #-regime 

linear sigma model limit in of $PT p-regime simulations requires very small pion masses

m! ! mσ  not reached in p-regime simulations 

Soto et al.  targeting QCD

Nuclear Physics B 866 (2013) 270Ð292 

Sanino et al. added new terms for BSM

light 0++ scalar: 

"-particle or dilaton? 

simplest dilaton Lagrangian is 
non-linear "-model limit
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two different dilaton potentials
illustrate scope of the analysis

Low energy effective theory of the #(x) dilaton field and the $a(x) Goldstone bosons 
separated from the higher resonance states with SU(2) flavor in sextet model:

Appelquist et al. test Nf=8 fundamental rep and  
fit obsolete sextet data with paper and pencil!
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dictionary for the effective dilaton theory coupled to Goldstone pions:
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notation for comparison



How do we test dilaton theory?  General scaling laws: Golterman and Shamir 

Appelquist et al. nf=8 tests
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full analysis in Ricky Wong talk

all is well?  cutoff-dependent ! * ?  if not, what !  scale? 



¥ Chebyshev expansion of mode number 

¥ inÞnite volume limit from FSS 

¥ m -> 0 chiral limit at Þxed a 

¥ a -> 0 continuum limit 

 mass anomalous dimension ! from Dirac spectrum: sextet data
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control of loop effects? 

cutoff effects? not prime suspect

missing dilaton potential terms? 

limited FSS at Q=0?  not prime suspect

what is the definition and fit consistency of y and ! ?

full analysis in Ricky Wong talk



chiral p-regime

3
2F2Ls

3

4
F2Ls

3

1
F2Ls

3

1
Ls

1
L
s

!

!

M = 2Bm
q

1
L
t

rotator      pion
energy gap

dilaton ÒdecouplingÓ in the %-regime
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energy state is slightly shifted compared to the value v =
!

! µ2/λ. But more importantly, when we
expand the exponentials, we now find that the π(x)-field has gotten a small mass, small compared to
the mass of the η-field, and no longer has only derivative interactions. The π mass

m2
! "

2
#

2β

v
. (33)

is small and can be expanded in the small symmetry breaking parameter β. The particle corresponding
to it, is now called a pseudo-Goldstone boson. As long as the explicit symmetry breaking is small, we
can still use Goldstone’s theorem as a first approximation and then add the corrections systematically.
This is precisely what we do in ChPT when the light quark masses are explicitly included.

2.5 Spontaneous symmetry breaking in QCD

We already argued in Sect. 2.3 that the chiral symmetry of QCD cannot be realized in nature since
the predicted parity doublets do not occur. We thus expect the chiral symmetry to be realized in the
Nambu-Goldstone mode. What theoretical evidence do we have directly for this?

Most of the remainder of this paper is about the Goldstone bosons from the spontaneous chiral
symmetry breakdown and their properties. In this way, all those properties are strong indications that
the picture described below is correct. However let us first give the full theoretical arguments.

¥ It has been proven that the chiral symmetry is spontaneously broken in the limit of a large number
of colours and assuming confinement [31].

¥ The vector symmetries remain unbroken in a vectorlike symmetry as QCD [32].

¥ Assuming confinement, the anomalies in the e! ective low-energy theory must match those for the
underlying QCD theory. For two flavours, this can be done but not for three or more flavours.
We thus need spontaneous symmetry breaking in order to have a correct anomaly matching for
three or more flavours [33].

We thus believe that the flavour symmetry SU(nF ) $ SU(nF ) is spontaneously broken down to the
diagonal subgroup SU(nF )V = SU(nF )L + R also for the realistic case of three flavours. There are eight
broken generators and we thus expect eight Goldstone boson degrees of freedom. If we look at the
hadron spectrum there are eight natural candidates for this. The three pions, π0, π± , four kaons, K± ,
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- Mixed regime RMT analysis: !
sea quarks earlier in p-regime this is changed now !
spectrum in "-regime!

- taste breaking is handled in same framework !
James Osborne worked out!

- thanks to James for the discussions and the !
opportunity for checking our software on the !
output of his code



dilaton ÒdecouplingÓ in the %-regime

#simulations of the $-regime are set up and running:!

#staggered stout fermions at our medium Þne lattice spacing!

#dropping down from our lightest pion mass m*a ~ 0.07 in the p-regime!

#one order of magnitude (2 orders of magnitude in the fermion mass)!

#64^4 lattice size running in the m=0.001- 0.00001 fermion mass range!

# Mpi*L ~ 0.5 !! !

#F*L ~ 1 is  our projection  - important for "-regime expansion!



constraint effective potential

scalar Þeld ! (x) elementary, or source of 
composite operator

probability distribution of order 
parameter in Þnite volume !

implementation with fermion Þelds:

composite 0++ scalar emergent from NJL: equivalent Yukawa model

jk, Lee Lin, Pietro Rossi, Yue Shen, NPB Proc. Suppl. 9 (1989) 99-104

HMC at Þxed zero momentum mode of 
the scalar Þeld



constraint effective potential

weak coupling test in 
Higgs-Yukawa model

jk, Kieran Holland
LatHC
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can be extended to four-fermion 
operator and more general BSM 
models

can we extend the analysis to gauge theories?  

constraint effective potential



Summary:    

¥   sextet model is consistent with " SB from all angles we looked at

¥   general EFT approach will change the " PT analysis

¥   dilaton EFT is a new fresh look

¥   dilaton signatures are problematic in sextet model 

¥   sources of the problem? 

¥   missing dilaton terms? scale dependent " (#)? loop control?

¥   the $-regime (RMT) is new opportunity for general EFT signatures!

¥   constraint effective potential method


